Sorting nexins (SNXs) are key regulators of the endosomal network. In designing an RNAi-mediated loss-of-function screen, we establish that of thirty human SNXs only SNX3, SNX5, SNX9, SNX15 and SNX21 appear to regulate EGF receptor degradative sorting. Suppression of SNX15 results in a delay in receptor degradation arising from a defect in movement of newly internalised EGF receptor-labelled vesicles into early endosomes. Besides a PtdIns(3)P-and PX domain-dependent association to early endosomes, SNX15 also associates with clathrin-coated pits and clathrin-coated vesicles via direct binding to clathrin through a non-canonical clathrin-binding box. 
4 because of mutually exclusive binding defines an endocytic sub-population downstream of the APPL1 station (Swan et al., 2010; Noakes et al., 2011) .
These distinct sub-populations are therefore considered to represent stages along a common maturation pathway that links newly formed endocytic vesicles with the PtdIns(3)P-enriched early endosome (Huotari and Helenius, 2011) .
In the present study, we have designing an RNAi-mediated loss-of-function screen to explore the internalisation and endo-lysosomal degradative sorting of the EGFR. We have specifically targeted members of the human sorting nexin (SNX) family, a large group of evolutionary conserved phosphoinositidebinding proteins that play central roles in the organisation and dynamics of various compartments within the endocytic network (Cullen, 2008; Cullen and Korswagen, 2012; Teasdale and Collins, 2012) . Of the thirty SNXs examined, we establish that targeting of SNX3, SNX5, SNX9, SNX15 and SNX21 generate detectable phenotypes. In describing the detailed analysis of SNX15 (Barr et al., 2000; Phillips et al., 2001 ), we reveal a role for this sorting nexin in regulating the entry of newly internalised EGFR into the PtdIns(3)Penriched early endosome. By describing the association of SNX15 with plasma membrane-associated clathrin-coated pits and clathrin-coated vesicles, and identifying that this is mediated by a direct interaction with clathrin, we provide mechanistic details of a route through which EGFR can transit from clathrin-mediated endocytosis to the early endosome without proceeding through an APPL1-intermediate compartment. Together these data further define the underlying molecular heterogeneity in endosomal subpopulations that define the early endocytic network.
Results:
Sorting nexin loss-of-function screen reveals a role for SNX15 in EGFR trafficking. To define the role of SNXs in endocytic sorting of the EGFR we designed a SNX RNAi loss-of-function screen. By using an anti-EGFR antibody we followed the time course of loss of activated EGFR as it underwent lysosomal degradation by confocal microscopy. Within a cellular Journal of Cell Science Accepted manuscript 5 population (n > 200 cells), the extent of EGFR degradation, 90 minutes after addition of 100 ngml -1 EGF, was quantified through the generation of a ratio of the immunofluorescent EGFR signal versus a DAPI nuclear stain. To perform the screen we coupled this protocol with a previously described SNX targeting SMARTpool RNAi library (Wassmer et al., 2007) . Biochemical analysis has quantified that RNAi suppression of SNX1 or SNX2 has no discernable effect on EGFR degradation (Carlton et al., 2004) , and so we set a threshold describing a positive phenotype as values greater than observed for SNX1 or SNX2 suppression (Fig. 1A) . Based on these criteria, of the 30 SNXs tested only five gave an EGFR phenotype. Proving the validity of the screen, the most pronounced effects were observed following suppression of SNX9, a protein with an established role in endocytosis (Lundmark and Carlsson, 2009) , and SNX5, which through an association with the type Iγ phosphatidylinositol 4-phosphate 5 kinase i5 (PIPKIγi5), is required for EGFR sorting into intraluminal vesicles of the late endosome/multivesicular body, a pre-requiste for lysosomal-mediated degradation (Sun et al., 2013) . The remaining SNXs were SNX3, SNX15, and SNX21. The suppression of SNX3
and SNX21 each generated relatively minor effects on EGFR degradation (Fig. 1A) . As a component of the SNX3-retromer, SNX3 regulates early endosome-to-TGN retrograde transport of Wntless (Harterink et al., 2011; Zhang et al., 2011) . This SNX has also been implicated in the formation of multivesicular bodies, although, and consistent with the data from the current RNAi screen, suppression of SNX3 only marginally slowed the rate of EGFR degradation (Pons et al., 2008) . For SNX21 no functional data is available, although strong expression in liver suggests a role in the development of this organ (Zheng et al., 2002) .
For SNX15, its chronic overexpression alters the gross morphology of several endosomal compartments with resultant effects on multiple endosomal transport pathways including endocytosis and recycling to the plasma membrane and TGN (Barr et al., 2000; Phillips et al., 2001 ). More recently, genome-wide (Collinet et al., 2010) and targeted (Pedersen et al., 2012) RNAi screens have independently identified SNX15 as a regulator of degradative Journal of Cell Science Accepted manuscript 6 EGFR sorting, although the details of its role have yet to be described (the later screen specifically targeted the human proteome for proteins that contain phosphoinositide-binding PX and FYVE domains (Pedersen et al., 2012) (Phillips et al., 2001 ). An alternative splice variant, SNX15 isoform B, is identical apart from the removal of 86 amino acids between E 222 and S 308 that include the acidic cluster and the amino-terminal 42 residues of the MIT domain (Phillips et al., 2001 ). The ubiquitous expression profile of this sorting nexin (Phillips et al., 2001 ) and presence of such diverse protein:protein interaction motifs are highly suggestive of SNX15 functioning as an important scaffold during phosphoinositide-mediated EGFR sorting. We therefore chose to define its role in more detail.
SNX15 suppression perturbs post-internalised trafficking of EGFR.
We confirmed the efficiency of the SNX15 targeted SMARTpool and two individual RNA duplexes that targeted both isoforms of SNX15 (Fig. S1 ). To define the kinetics of EGFR degradation we serum starved SNX15 suppressed HeLa cells and performed western analysis of receptor levels after addition of 10 ngml -1 of EGF ( Fig. 1C-D) . Compared to control cells SNX15 suppressed cells
showed an approximate 2-fold elevated steady-state level of EGFR, and a statistically significant (p ≤ 0.015) delay in EGFR degradation that was most evident at early time points after EGF addition ( Fig. 1C-F; Fig. S1 ). A similar elevation in steady-state level of PDGFR was also observed (Fig. 1C-D) .
Analysis of the ERK/MAPK cascade, at the level of p42/p44 ERK, revealed no statistically significant effect on the activation and duration of signalling following EGF addition (Fig. 1E) . Finally, FACS analysis revealed that the kinetics of EGFR internalisation was unperturbed upon SNX15 suppression, establishing that the function of SNX15 lay downstream of EGFR endocytosis ( Fig. 2A) .
Journal of Cell Science Accepted manuscript
Movement of newly formed EGFR-containing endocytic vesicles into the endosomal system is perturbed by SNX15 suppression. To examine EGFR trafficking immediately proceeding endocytosis we visualised the endosomal distribution of endogenous EGFR following EGF stimulation. In contrast to control cells, where at early time points the majority of EGFRlabelled puncate displayed a dispersed cytosolic distribution with enrichment in a juxtanuclear localisation (Fig. 2B) , in SNX15 suppressed cells EGFR was retained in punctae that lay more peripherally dispersed in close proximity to the plasma membrane (Fig. 2B) . Moreover, live cell confocal imaging using Alexa 488 -EGF also established that in contrast to control cells, where peripheral EGF-labelled punctae were observed to move into the cell interior, the corresponding EGF-positive punctae displayed a reduced level of movement following SNX15 suppression ( Fig. 2C ; Movies 1-4).
To further confirm a defect in the movement of post-internalised EGFR into the endosomal system, additional quantification revealed a delay in arrival of EGFR into EEA1-positive early endosomes and LAMP1-positive late endosomes upon SNX15 suppression, which correlated with the perturbed EGFR degradation observed at these early times points ( Fig. 2D and E).
Together these data are consistent with SNX15 being required for the movement of newly formed EGFR-containing endocytic vesicles into the early endosomes and hence the endo-lysosomal degradative pathway.
SNX15 resides on the PtdIns(3)P-enriched early endosome. To define the subcellular localization of SNX15 we initially screened a series of available anti-SNX15 antibodies for their ability to detect endogenous SNX15 by immunofluorescent microscopy. Using various fixation and permeabilisation conditions all antibodies however proved unsuccessful (data not shown).
Mindful of the fact that chronic overexpression of SNX15 leads to gross morphological changes of several endosomal compartments (Phillips et al., 2001 ), we established a lentiviral-based transduction protocol that in HeLa cells allowed for the low level expression of a GFP-tagged SNX15 transgene (van Weering et al., 2012a) . Under these conditions, the level of GFP-SNX15 expression did not adversely alter endosomal or lysosomal morphology as Journal of Cell Science Accepted manuscript 8 defined by various markers (Fig. 3A-F) . Confirming previous work looking at endogenous SNX15 in COS-7 cells (Barr et al., 2000) , GFP-SNX15 was associated with cytosolic punctae that overlapped with markers of the early endosome (EEA1 and Rab5) and early-to-late transition endosome (SNX1) (Fig. 3A-C) but not the late endosome/lysosome (CD63 and LAMP1) or TGN (TGN36/48) ( Fig. 3D-F) . Endosome association required the activity of a wortmannin-sensitive PI 3-kinase ( Fig. 3I(iii) ) and, consistent with this, full length SNX15 and the isolated SNX-PX domain bound specifically to
PtdIns(3)P, determined through lipid presentation in the form of fat-blots (PIP strips) or low molar percent phosphoinositide-supplemented sucrose-loaded liposomes ( Fig. 3G, H (Iwaya et al., 2013) , and a known protein:protein interaction motif that for UBPY/USP8 is required for endosomal association (Row et al., 2007) , we also generated SNX15-ΔMIT, a deletion mutant lacking the entire MIT domain (residues 265-342). Deletion of this domain did not perturb endosome association, nor was the isolated MIT domain able to associate with cytosolic punctae (Fig. 3I(iv-vi) ). Overall, SNX15 is associated with the PtdIns(3)P-enriched early endosome through the classic recognition of this phosphoinositide by its SNX-PX domain.
SNX15 is also associated with clathrin-coated pits and clathrin-coated vesicles. In addition to the targeting to the PtdIns(3)P-enriched early endosome, it was evident from fixed cell confocal imaging that a subpopulation of SNX15 decorated punctae lay juxtaposted to the plasma membrane ( Fig. 4A) . Indeed, in serum starved HeLa cells virally expressing GFP-SNX15 and fixed 0, 3, 5 and 10 minutes after EGF stimulation extensive co-localisation was observed between SNX15 and dispersed clathrin decorated punctae including those lying in close proximity to the cell surface (Fig. 4A ). Confirming this, an ultrastructural analysis revealed that SNX15 was Journal of Cell Science Accepted manuscript 9 associated with cell surface structures that morphologically appeared as electron dense late-stage clathrin-decorated endocytic pits, and in addition, to clathrin-coated vesicles that lay juxtaposed to the plasma membrane ( Fig.   4B ). That these structures were indeed coated with clathrin was confirmed by immuno-EM (Fig. 4B) . Quantification of the overall plasma membrane association established a strong enrichment of SNX15 at sites of clathrindecorated endocytic pits (0.199 gold grain per micron plasma membrane versus 2.75 per micron in clathrin coated pits). SNX15 was not observed to associate with electron dense bud-like profiles at the TGN, which correspond to the clathrin-coated structures required for exit from this compartment, and we failed to observe enrichment of SNX15 on the bilayered clathrin coat on endosomal vacuoles that is involved in targeting proteins for ESCRTmediated sorting into the endo-lysosomal pathway (Hurley and Hanson, 2010) (data not shown). Confirming this, and consistent with the SNX15 MIT domain forming a distinct branch of the MIT domain evolutionary tree (Row et al., 2007) , direct yeast two-hybrid analysis failed to reveal any association between SNX15 and a wide array of Class E pathway proteins (Hurley and Hanson, 2010) (Fig. S2 ).
To examine the relationship between SNX15 and clathrin at regions juxtaposed to the plasma membrane we turned to TIRF (total-internalreflection fluorescence) microscopy to limit the excitation field to a penetration zone of approximately 100 nm from the plasma membrane/buffer/glass interface. In cells stimulated with Alexa 647 -EGF, SNX15 was associated with EGFR-positive and clathrin-decorated punctae that either appeared within, or resided juxtaposed to the plasma membrane ( Fig. 4C ; Movie 5). The association of SNX15 to these clathrin-labelled structures was independent of an ability to bind PtdIns(3)P, since the PtdIns(3)P-binding mutant SNX15(R51A), that from confocal microscopy is predominantly cytosolic ( Fig.   3I (ii)), retained the ability to associate with these structures when observed by TIRF microscopy ( Fig. 4D ). In light of this, we sought to examine the relationship between SNX15 and APPL1, the later defining a transient station common for entry of internalised cargo into the early endosome (Miaczynska et al., 2004; Zoncu et al., 2009 ).
SNX15 directly binds clathrin via a L-F-D-P-
First we performed a fixed-cell co-localisation analysis between GFP-SNX15 and endogenous APPL1 (Fig. 7A ), which revealed a limited overlap between the labelled compartments, and low correlation between the overlapping pixels (Mx = 35% ± 2%; P.C = 0.15 ± 0.04). Inspection of images revealed that these distinct compartments were highly proximal, but did not appear to overlap (Fig. S3 ). This was further confirmed through live cell imaging where distinct mCherry-APPL1 and GFP-SNX15-labelled compartments were observed to be juxtaposed to one another, from where they underwent brief periods of circumnavigation prior to dissociation ( Fig. 7B and Movie 6 and 7).
In no instances did we observe heterotypic fusion events between these compartments.
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To visualise the relationship between internalised EGFR and the distinct SNX15 and APPL1 sub-populations during the early stages of trafficking when the effect of SNX15 siRNA suppression was most pronounced, we stimulated serum-starved HeLa cells expressing GFP-SNX15 with EGF, and coimmunostained for mCherry-APPL1 and EGFR in cells fixed after 0, 3, 7 and 10 min of stimulation (Fig. 7C) . Here, the EGFR entered spatially distinct, peripherally localised GFP-SNX15 (green arrows, t = 3 min) and APPL1-labelled compartments (red arrows, t = 3 min). SNX15 remained associated with the EGFR-labelled compartment as they underwent movement towards the cell centre (green arrows, t = 7 and 10 min). To extend this, we also performed live cell wide-field imaging of HeLa cells expressing GFP-SNX15
and mCherry-APPL1 following addition of Alexa 647 -EGF. This confirmed that Alexa 647 -EGF entered peripherally distinct GFP-SNX15 and mCherry-APPL1-labelled compartments (Fig. 8A) . Furthermore, within the spatial and temporal resolution of our imaging set-up, these compartments did not appear to exchange their contents during the time course of imaging. These data establish that SNX15 defines an entry route for internalised EGFR into the early endosome that is independent of the APPL1-intermediate compartment. Discussion:
Here we have provided new insight into the organisation of the early endocytic network that lay between clathrin-mediated endocytosis and the PtdIns(3)Penriched early endosome (Shin et al., 2005; Erdmann et al., 2007; Zoncu et al., 2009) . We have established that SNX15 is targeted to late-stage clathrin- (Wassmer et al., 2007; Wassmer et al., 2009; van Weering et al., 2012a) . More recently however, through an association with PIPKIγi5, SNX5 has been shown to regulate EGFR sorting into intraluminal vesicles of the late endosome/multivesicular body in a manner that is independent of the retromer components VPS26 and VPS35 (Sun et al., 2013) . Our data therefore confirm a non-retromer role for SNX5 in the degradative sorting of the EGFR.
For the remaining hit, SNX15, we have established that it uses distinct mechanisms for recognising the identity of early compartments of the endocytic network: the direct binding to clathrin mediates association to clathrin-decorated endocytic pits and clathrin-coated vesicles, whereas recognition of PtdIns (3) Oligonucleotide mutagenic primers, see Supplementary Table 1, both contained the desired mutation and were designed to anneal at overlapping regions of sequence on opposing strands.
RNAi loss-of-function screen.
To overcome heterogeneity in cell morphology and attachment resulting from treatment with certain SMARTpool siRNA's (Wassmer et al., 2007) , screening plates were incubated in 10 µgml Western blotting. Western blots were performed using standard procedures.
Detection and quantification was carried out on a Licor Odyssey Infrared scanning system using fluorescently labelled secondary antibodies. Subsequent isolation of recombinant proteins was as described previously (van Weering et al., 2012b) . Direct interaction assays between SNX15 and clathrin, and GFP-nanotrap immunoisolation were performed as detailed previously (McGough and Cullen, 2012; Steinberg et al., 2012; Steinberg et al., 2013) .
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SNX15 were grown to 80% confluence in a 10 cm dish. Cells were fixed by the addition of 5 ml of 4% PFA (w/v), 0.1% (v/v) Glutaraldehyde in 0.2M
Phosphate Buffer (PB) into the culture medium (5 ml) for 20 min and processed for immunogold labelling of thawed cryosections as described (van Weering et al., 2012a) .
Immunofluorescence and live cell imaging. HeLa cells were plated on glass coverslips and fixed in 0.1 M PBS supplemented with 4% (w/v) paraformaldehyde for 20 min, prior to quenching in 20 mM glycine for 5 min.
Cells were permeabilised using 0.1% Triton X-100 (Sigma) for 5 min, except for staining of late endosomal markers where 0.1% (w/v) saponin (Sigma) for 4 min was employed. Cells were blocked by incubation at room temperature for 10 min in PBS supplemented with 1% BSA (P-BSA), incubated on droplets of 0.1% P-BSA containing primary antibody for 1 hr, prior to incubation on droplets of Alexa-fluor secondary antibody and where applicable DAPI reagent diluted in 0.1% P-BSA. All cells were imaged using a Leica SP5 confocal laser scanning microscope via a 63 x 1.40 -0.60 PL Apo λBL oil immersion objective. Live cell imaging was routinely performed at 37 o C and cells incubated in CO 2 -independent media (Gibco). Fluorescent cells were imaged live on a Hamamatsu EMCCD camera via a Perkin Elmer Ultra VIEW ERS 6FE scanning confocal system attached to a Leica DM I6000 inverted epifluorescence microscope or for TIRF microscopy on a Hamamatsu C9100-13 black thinned EM-CCD camera attached to a Leica DMI 6000 inverted epifluorescence microscope using 100 nm penetration depth of evanescent field. Rapid switching between excitation/emission wavelengths generally allowed a capture rate of 2-5 frames per second. Pearson's correlation co-efficient between GFP-SNX15 and SNX15-mutants with clathrin were digitally quantified from confocal images using Volocity. 10 cells were examined per condition (>1000 punctae). Error bars represent S.E.M. Both the clathrin box deletion mutant (Δ4) and each of the SNX15 point mutants exhibited a reduced association with clathrin-enriched punctae.
(C) When assessed by TIRF microscopy, unlike the wild-type protein, SNX15Δ4 was not associated with clathrin-positive punctae juxtaposed to the plasma membrane. Scale bars 10 µm. 
